ABSTRACT
designed to add to the existing database on TCCS performance. In order to mitigate risk associated with this verification approach, the U.S. Hab TCCS performance test provides an additional set of data which serve to anchor both the process model and previously-obtained development test data to flight hardware performance.
The following discussion provides relevant background followed by a summary of the test hardware, objectives, requirements, and facilities. 
BACKGROUND
In the early 1960s, spacecraft air quality control mainly provided for odor control. Since that time, development of a TCCS suitable for supporting long duration space travel by humans has moved beyond basic odor control to a system-level approach for specifying and designing spacecraft contamination control systems. This development process is responsible for the TCCS design selected for deployment onboard the ISS. In addition, useful design and verification tools for TCCS processes have been developed. A summary of the ISS TCCS design and process simulation tool development is provided by the following discussion in addition to a brief summary of past TCCS testing.
TCCS DEVELOPMENT
HISTORY -Air quality control onboard spacecraft has been a concern since space travel began.
During the Mercury, Gemini, and Apollo programs, contamination control systems were simple and relied upon physical adsorption by activated charcoal. These systems were designed primarily for odor control. [ 1 ] Unfortunately, expendable activated charcoal beds designed solely for odor control did not fully address the challenge of spacecraft cabin atmospheric quality. To address this challenge, several studies were conducted between 1965 and 1970 by Lockheed Missiles and Space Co, Inc. (LMSC) and the Hamilton Standard Division of United Aircraft Co. to investigate conceptual trace contaminant control system designs and advanced regenerative integrated life support system designs for spacecraft. [2] [3] [4] [5] [6] As a result of these studies, a system utilizing both activated charcoal adsorption and catalytic oxidation was established as the principle trace contaminant control system design approach for long duration space missions. Between 1968 and , LMSC conducted additional work on high temperature catalytic oxidation and activated charcoal adsorption which led to the development of a pre-prototype TCCS design. [7, 8] By 1975, a prototype contamination control system had been built and tested by LMSC. [9] This prototype design is the basis for today's ISS TCCS.
ISS TCCS DESCRIPTION -The ISS TCCS is comprised
of an activated charcoal bed, a high temperature catalytic oxidizer (HTCO), a granular lithium hydroxide (LiOH) bed, a blower, a flow meter, and an electrical interface assembly. Trace chemical contaminants are removed from the ISS cabin atmosphere by circulating air through the charcoal bed to remove high molecular weight contaminants and ammonia.
More volatile, low molecular weight contaminants such as methane, hydrogen, and carbon monoxide are removed by the HTCO.
The HTCO is comprised of three primary parts --a recuperative heat exchanger, an electric heater, and a catalyst bed. It is designed to provide a high single pass methane oxidation efficiency. The heat exchanger assembly preheats the air as it element. Final airheating occurs inthecatalyst bedviaradiation,conduction, andliberation of theheat ofreaction fromthe oxidized contaminants.
TheLiOHbed, located downstream oftheHTCO, removes anyacidic oxidation products thatmaybeproduced intheevent thathalocarbons break through thecharcoal bed. It granular LiOH.
Theblower andflowmeter maintain asteady flowrate of through thesystem thatissufficient tomaintain individual trace contaminant concentrations belowtheirrespective spacecraft maximum allowable concentration (SMAC). Thetotal flow is passed through the charcoal bed while only a portion flows through the HTCO and LiOH bed. The split flow combines downstream of the LiOH bed before exhausting from the TCCS.
Three sample ports are provided at the charcoal bed inlet, charcoal bed outlet, and the LiOH bed outlet.
[10]
TCCS PERFORMANCE VERIFICATION
Verification of the TCCS's contamination control performance has been based upon extensive testing and process model de-
The following discussion provides a summary of past TCCS performance testing, the successful development of a TCCS process model, and the approach selected for verifying the 1SS TCCS performance before flight. 
PERFORMANCE TEST OBJECTIVES
The TPCT was designed to confirm the ability of the ISS U.S. Hab TCCS flight unit to control a specified contamination load at representative cabin environmental conditions. Specific objectives of the TPCT are the following: I. Automated sample collection followed by analysis using in-line GC/MS and FTIR instruments.
2.
In-line sample collection using gas detector tubes.
3. Sample collection into evacuated cylinders followed by off-line analysis by GC/MS and gas chromatography (GC) instruments.
The in-line GC/MS system was comprised of a Hewlett Packard 5890 Series II GC and a Hewlett Packard 4972 mass spectrometer system (MS). The GC/MS was preceeded by an Entech Model 7000 preconcentrator.
The automated GC/MS system collected and analyzed one sample per hour. The FTIR system was a MIDAC Model 12001 containing a 20-meter constant volume gas cell that utilized a 0.5 cm mer- 
PRETEST CHECKOUT SUMMARY
TEST VOLUME LEAKAGE -The system volume is approximately 9 m3 including the mixing chamber and associated support system plumbing. The allowable system leakage was established at 0.23 kg/day (<0.5 lb/day). After the TCCS was installed in the system, the complete integrated system leakage as measured by pressure decay was found to be approximately A wide range of system biases was observed, from -36%
of target for toluene to +48% for trichlorofluoromethane.
Negative bias in the range of 30-37% of the target amount was observed for n-butanol, 4-methyl-2-pentanone, toluene, ehlorobenzene, o-xylene, and cyclohexanone. Subsequent analyses using an off-line method did not show the same bias, so this was not attributed to system adsorption but was determined to be an artifact of the in-line trapping mechanism.
As such there was no observed system adsorption.
The above system biases were ultimately used in the final data reduction when establishing the relationship between projected tank concentration and observed steady state concentration.
System Purge and How Balancing -Prior to the start of contaminant injection, the TCCS was installed online and was purged with TOC grade air. This was done to establish nominal functionality of the test article and to set valve positions for flow rate through the unit.
TESTING SUMMARY
The TPCT began on 19 January 1998. The TCCS operated continuously until the test was completed on 14 February 1998. The overall test duration was 624 hours and all of the primary test objectives were satisfied, A summary of the TCCS and facility operations during the TPCT are provided by the following discussion.
A brief assessment of the overall TPCT operations is also provided.
TCCS OPERATIONS -Throughout the test, the TCCS operated flawlessly. Inlet air flow and HTCO temperature were maintained at steady levels. The HTCO flow rate adapted to the total system pressure to provide almost a constant command voltage to the flow meter by adjusting the blower speed.
FACILITY OPERATIONS -The facility provided a closed loop which provided air to the TCCS within the required conditions summarized by Test operations anomalies were very few and minor. During two test days, it was found that the liquid contaminant injection system was leaking. It was repaired and normal injections resumed. Also, one ammonia permeation tube dried up prematurely; however, it was replaced with minimal impact to the test operation. Adjustments were required to the CO injection after it was found to be injecting at a lower than expected rate. The CO concentration in the test chamber was found to be within the expected range after adjusting the flow.
Despite these anomalies, the contaminant injection system provided a total contaminant load as summarized by Table 5 . The average hourly injection of contaminants for the 624-hour test was actually very close to the specified rates listed by Table  2 .
OVERALL TEST ASSESSMENT -During the TPCT, the TCCS performed electrically and mechanically without incident. All TCCS components performed within requirements;
however, the methane single pass removal efficiency was lower than expected. It was measured at 55% rather than the expected greater than 90%. This breakthrough is shown by Figure 4 . Late in the test, dichloromethane began to break through the charcoal bed as shown by Figure 5 . Dichloromethane breakthrough was still in progress at the test's conclusion. The test duration was not sufficient to observe any additional contaminant breakthrough of the charcoal bed; therefore, all the other contaminants were maintained at steady concentrations as shown by Table 6 . This performance was consistent with a 100% single pass removal efficiency. Final determination of the root cause for the degraded methane oxidation performance will be investigated before the TCCS is deployed on orbit. Despite this condition, the TCCS still has sufficient design margin to maintain the methane concentration well below SMAC. COMPARISON TO MODEL PREDICTIONS -As stated earlier, one of the test objectives was to obtain data for process model validation. Central to this validation is the direct comparison of observed and predicted contaminant concentrations.
A comparison of the observed and predicted concentrations for the liquid contaminants is provided by Table 6 .
As noted earlier, there were no breakthrough trends observed during the test which was consistent with 100% single pass removal predicted by the TCCS process model for each of these compounds.
As such, a single test chamber average concentration describes the TCCS performance for removing these compounds.
All observed contaminant concentrations were found to be statistically consistent with the predicted concentration confidence intervals with the exception of ethanol. The analytical instrument which was used to provide this result is biased high. The alternate analytical instrument gave an observation which was biased low (below projected concentration).
As such it was assumed that the high ethanol concentration has no physical significance in terms of ethanol removal during the test period.
Both carbon monoxide and ammonia concentrations were reliably predicted by the process model. Both were consistent with 100% removal efficiency by the HTCO and charcoal bed, respectively.
Predicting methanol and dichloromethane concentration as they break through the charcoal bed was considered to be the most significant challenge to process model validation. As shown by Figures 4 and 5 , both methanol and dichloromethane breakthrough trends were reliably predicted. At the same time, the methane concentration trend during the time of dichloromethane breakthrough shown by Figure 7 was also found to be consistent with process model predictions.
These results are similar to those documented by Reference 40. In that case and in the case of the TPCT, the process model predicted contaminant concentrations within an acceptable statistical range. Based upon the comparison of predicted and observed concentrations for the TPCT combined with their similarity to previous validation study results, the process model is considered to provide highly reliable predictions of TCCS performance.
CONCLUSIONS
Based upon the results of the TPCT, conclusions which can be made are the following:
1. The TCCS design provides trace contaminant control for the load specified by the ISS Program. 2. Flight hardware performance is similar to that observed during previous development testing.
3. The TCCS design is robust and provides sufficient margin to accommodate lower than expected HI'CO methane oxidation performance without approaching the SMAC.
4. The process model is a reliable tool for predicting TCCS performance over time.
SUMMARY
The ISS U.S. Habitation Module TCCS was challenged with a representative trace contaminant load for 624 hours.
During this time, methanol and dichloromethane broke through the activated charcoal bed. 
